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SUMMARY
Leek plants (Allium porrum) were grown on partially sterilized soil either inoculated (M) or not
(NM) with the vesicular-arbuscular mycorrhizal fungus, Glomus mosseae. They were pulse-fed
with ^"COj in an apparatus which allowed CO^ subsequently respired either by the shoots or
by the roots plus soil to be separately monitored. There were three experiments. In two, plants
were harvested 48 h after labelling and in the third after 214 h. At harvest, the distribution of
^̂ C between shoot,, root, soil organic matter and root washings was measured.
Similar growth curves for M and NM plants were obtained by supplying extra phosphorus
to the latter, so that C distributions for both treatments could be compared directly. In all three
experiments, about 7 % more of the total fixed C was translocated from shoot to root in M plants
compared to NM plants. In the third experiment, this extra translocate could be accounted for
by increased root respiration plus increased loss of C to the soil but, despite this drain, M and
NM plants had equal rates of C assimilation per unit of leaf area. However, shoots of M plants
had a lower content of dry matter and hence higher assimilation rates expressed on a dry matter
basis.
Increased hydration is suggested as a mechanism whereby leaf area and hence C assimilation
increases in mycorrhizal plants and which offsets the effects of the drain imposed by the
mycorrhizas.
I N T R O D U C T I O N
It is commonly accepted that the vesicular-arbuscular (VA) endophytes are
obligate symbionts. Suggestions that carbon compounds are absorbed by external
mycelium (see Warner and Mosse, 1980) have never been fully substantiated
whereas supply of C frona the host has been demonstrated (Ho and Trappe, 1973;
Cox et al., 1975). The size of this drain on the host's photosynthate, its relation
to the benefits the host obtains from the infection and the effect on host growth
are of obvious importance.
Growth promoting effects of the VA mycorrhizal symbiosis on vascular plants
have received widespread attention but there are undoubtedly also cases where the
infection with the endophyte causes poor growth (see Tinker, 1978). The tise of
the host's C might be a mechanism whereby slower growth might be caused,
though such a potential loss of yield would normally not be seen, either because
the plant was obtaining proportionately bigger benefits from the additional
supplies of P brought in by the endophyte or because the plant was able to
compensate for the loss of C by more rapid photosynthesis.
These considerations suggest that it is essential to have direct measurements of
C transfer in mycorrhizal plants. Such measurements are reported in this paper.
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Joseph (1977) and Debne (1977) showed that VA mycorrhizal roots metabolize at
a greater rate than uninfected roots. Recently, Pang and Paul (1980) reported that
the extra amount of C directed to the roots of soybean on infection was around
12 % of total photosynthesis. They concluded that the infected plant' compensated'
for this loss of C, which implies that the photosynthetic rate of the infected plant
was increased in the same proportion, so that the relative growth rate remained
unchanged. Very recently, Kucey and Paul (1981) have briefly reported sinailar
measurements on nodulated and mycorrhizal Viciafaba plants, in which up to 12 %
of the fixed C was used by the VA fungus and up to 12 % in the RMzobium. nodules.
However, again the plants with nodules and mycorrhiza photosynthesized more
rapidly, so that the C lost to the symbionts was replaced.
We have chosen to investigate mycorrhizal leek plants in a similar system
because its mycorrhizal relationships have been much investigated and because the
added complication of Rhizobium nodules is absent.
MATERIALS AND METHODS
General
A comparative study of the distribution of C in mycorrhizal (M) and
non-mycorrhizal (NM) plants using ^*C-labelling requires that their changing
pattern of development is monitored before, during and after the labelling period,
and that means are found to produce plants which are closely similar in size and
morphology. Similar growth curves for both M and NM plants were obtained by
supplying more P to NM plants in order to compensate for the enhanced uptake
by mycorrhizal roots.
Plants and inoculum
Leek {Allium porrum L.) ' Musselbrugh' was chosen as the test crop because
its roots become heavily infected wTth VA mycorrhizas and the amount of P to
be added to NM leeks, in order to achieve a similar growth pattern to M leeks,
was known from a previous experiment (unpublished data).
The inoculum used was Glomus mosseae (Nicol & Gerd.) Gerdemann & Trappe,
which was extracted from leek culture pots by wet sieving and decanting
(Gerdemann and Nicolson, 1963). Spores and mycelium were mixed with wet
acid-washed sand and replicate quantities of this mixture were placed under each
seedling at the time of planting. NM plants received the same quantity of sand
plus the filtrate from the sievings of inoculum.
Growth conditions
The growth medium was a 2:1 naixture of soil and sand. The soil, a flinty silt
loam of the Batcombe series (Avery, 1964), was obtained from Delharding field
on Rothamsted farm and had a bicarbonate-soluble P value of 5-5 mg kg""̂  (Olsen
et al., 1954). The soil was air dried to 10 % moisture, passed through a 3 mm sieve
and irradiated (1-0 Mrad) before use to eliminate any indigenous VA mycorrhizal
fungi. The sand was autoclaved before being mixed with the soil and each pot (9 cm
diameter) contained 216 g oven dry soil and 108 g sand. To this was added 2-2 g
CaCOg to bring the pH to 7'5, 32 mg N as KNOg solution and 10-8 mg Mg as
MgSOj, solution. In experiments 1 and 2,16-2 mg P was added to both M and NM
pots. After 30 days, a further 16-2 mg was added in solution to NM pots to
compensate for P supplied by the mycorrhizal infection, which had then reached
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40%. In experiment 3, NM plants each received 64-8 tng P as KH2PO4 solution
and M plants received 6-5 mg P to give bicarbonate-soluble P values of 98-0 and
15-2 mg kg~' respectively. The soils were moistened and allowed to equilibrate for
7 days prior to planting.
Leek seeds were surface sterilized in saturated sodium hypochlorite solution for
3 rtiin and germinated on moist filter paper before transplanting at a density of one
per pot. All plants were grown in a growth room at 20 °C day, 16 °C night and
a 14 h photoperiod with a mean photon flux density of 500 fimol m~̂  s~\ produced
by 2-5 m 125 W M.C.F.R.E. colour 35 tubes (wavelength 400 to 700 nm)
supplemented hy 40 W rough surface tungsten bulbs to extend the far-red end of
the spectrum.
Harvesting procedure
Three replicate plants were harvested at intervals, which varied between 6 and
17 days. Shoots were cutoff at the base and roots were washed out of the soil. Fresh
and dry weights were recorded for both roots and shoots. Root length was
determined using a grid intersect method (Tennant, 1975) and a sample from each
root system was stained (Phillips and Hayman, 1978) and assessed for mycorrhizal
infection, also using a grid intersect method {Giovannetti and Mosse, 1980).
Ground samples of root and shoot tissue were dry ashed and their phosphorus
content measured on a Technicon AutoAnalyzer by the method of Fogg and
Wilkinson (1958).
Labelling with "CO^
Randomly selected plants from each treatment were placed in the apparatus
shown diagranratically in Figure 1. The chambers used for isolating the shoot and
root atmospheres were similar in principle to the modified chambers used by Witty
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Fig. 1. Schematic diagram of apparatus used for **C labelling of plants and measurement of
respired "COj.
The root chambers were first purged of COj by flushing with CO^-free air for
24 h. The shoots were then pulse-labelled with "C by injecting 10 ml 70 % lactic
acid into 0-6 ml of a 34 mM solution of Na/^COg to release 30 /iC of ^^COj into
the shoot atmosphere. After 30 min, the shoot covers were removed, the acid
reaction mixture taken out and the plants transferred to the outside atmosphere
-or 3 miti so that any remaining *̂COg would be flushed away. The shoot covers
were replaced and both shoot and root atmospheres were then each continuously
drawn out through 100 ml of 10 % KOH solution at a constant rate of 300 ml min~*
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to collect respired COg. The KOH in the CO2 traps was removed and replaced
at intervals throughout a 48 h 'chase period' in experiments 1 and 2, and 214 h
in experiment 3.
Total CO2 produced in the root compartment was determined by weighing the
precipitate formed when saturated Ba(OH)2 was added to the KOH solution.
Labelled C was determined by scintillation counting of the following mixture:
0 3 ml KOH solution, 0-7 ml distilled H^O and 10 ml toluene-based scintillation
fluid.
The labelled plants were finally harvested in a manner similar to that described
previously except that the soil was retained. The roots were washed carefully in
distilled water, the washings made up to 250 ml and a 0-7 ml sample taken for ^̂ C
measurement by liquid scintillation. The soil was air dried and ground to pass a
180 ftm sieve. Ground samples of soil and plant tissue, were combusted in a sample
oxidizer (Packard Tri-carb. Model 306) for determination of ^*C.
The photosynthetically fixed '̂ C was thus separated into six fractions: (1) shoot
respiration, (2) shoot tissue, (3) root plus microbial respiration, (4) root tissue, (5)
root washings and (6) organic material in soil.
RESULTS AND DISCUSSION
Growth and composition of experimental plants
A fundamental problem in all comparisons of mycorrhizal (M) and non-mycorrhizal
(NM) plants is to obtain plants of similar size and development. If the growth
conditions induce P deficiency in the NM but not the M plants, no proper
comparison is possible. In preliminary experiments, rates of addition of P to the
soil were determined which caused the mycorrhizal and nbn-mycorrhizal plants
to develop at a generally similar rate. In experiments 1 and 2, an attempt was nxade
to supply extra phosphate to NM plants at about the time the infection developed
rapidly but, in experiment 3, all the additional phosphate was applied in the soil
initially.
Sequential harvesting allowed the development of plants in experiment 3 to be
followed closely [Fig. 2(a) and (b)] - the pattern for experiments 1 and 2 would have
differed to some degree. Since effective mycorrhizal infection does not occur until
3 or 4 weeks, the plants given extra P grew faster up to this time, and it is impossible
to obtain infected and uninfected plants of the same size at all times. The
mycorrhizal plant catches up after infection and, by day 70, the plants were similar.
Other work in this laboratory has emphasized the relative variation of the growth
pattern of mycorrhizal plants in the early stages and it seems impossible to conduct
meaningful comparisons until a stable growth pattern has been achieved. A fairly
steady percentage infection was achieved by day 40 (Fig. 3) but, from Figure 2(a)
and (b), we considered that comparisons should be made after day 70.
The sharp increase in percentage P in mycorrhizal plants after 20 days is typical
(Fig. 4) (Stribley, Snellgrove, Tinker and Hunt, in preparation) and almost
certainly results from the increase in percentage infection at the same time.
However, we have no explanation for the apparent relative increase in percentage
P in uninfected plants from day 70 onwards. From day 100, the percentages follow
each other closely.
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Fig. 2. Dry weight of shoots (a) and roots (b) of leeks used in experiments 3 (log scale) i
# , M plants; O, NM plants.
Fig. 3. Percentage of root length infected with mycorrhizal fungus, experiment 3.
Distribution of photosynthate
(a) 48 h experiments
Plants were harvested at 79 days and 93 days in experiments 1 and 2
respectively. In hoth experiments, the fresh weights and root lengths of M and
NM plants were closely similar (Table 1) but the shoots of M plants had markedly
lower percentage dry matter and higher percentage P values. These differences
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Fig. 4. Percentage P in dry matter of shoots, experiment 3, for M (#) and NM (O) plants.
were much slighter in the roots, possibly owing to the fungal tissue in M plants.
There was little difTerence in percentage P in the shoots when expressed on a fresh
weight basis. No leaf area measurements were made in these experiments but, from
their appearance, and by analogy with experiment 3 (Table 1), we assume that leaf
areas were well correlated with fresh weights and so differed little between M and
NM plants.
Table 2 presents the distribution of flxed "̂ 'C. There is excellent agreement
between experiments 1 and 2, with less retention of '̂'C in the shoots but more
in the roots of M plants. The amounts lost in shoot respiration were small and
similar but losses of "̂ Ĉ by below ground respiration and into the soil were clearly
greater for M plants. The *̂C in root washings was measured as a possible guide
to differential losses of root exudates but the values were always very small and
did not differ between M and NM plants. The extra loss of ^'C from shoots of
M plants, relative to that retained in NM shoots, was about 12% in both
experiments. This accords well with the difference in the dry weights of the shoots,
at 10% and 14% in the two experiments respectively.
(b) 214 h experiment
The first two experiments were harvested 48 h after giving ^^COj and it is
unlikely that a constant distribution of *̂CO2 had been attained after such a short
time. In experiment 3, harvest was delayed until '^COj had been monitored in both
shoot and root chambers for 214 h. By this time, the continuing rate of flow of
^̂ COjj was small and constant [Fig. 5(a)] and most of the "C remaining in the root
would have been incorporated into structural material.
(i) Properties of plants. Table 1 records the properties of plants. As before,
the fresh weights of M and NM shoots were almost identical but the dry weight
of the M shoots was significantly lower, by 14%. Fresh weights of roots of NM
plants were much greater than of M plants and the latter had a slightly higher
percentage dry matter. All these experiments thus indicate a markedly lowered
percentage dry matter in shoots of M plants but not in roots. The root length and
root/shoot ratio of the M plants was also signiflcantly less than that of NM plants
but the root fresh weight per unit length, and hence the mean radius, was almost
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Fig. 5. (a) Time course of '̂COg evolved from root chamber in 214 h 'chase' period in Experiment
3: 0 , M plants; O, NM plants; shaded areas represent 10 h dark periods, (b) Total CO^ evolved
from root chamber during the 214 h 'chase' period in Experiment 3: # , M plants,; O, NM
plants.
identical for NM and M plants. The only unexpected aspect was that the
percentage P in the shoots was largest in NM plants (see Fig. 4) hut the difference
was not significant.
(ii) Root chamber respiration. The COj collected from the root chamber would
arise from respiration by the root, the internal and external phases of the
endophyte, and the soil bacteria. The total output of COj was very constant during
this period of measurement after the •'̂ COj was supplied [Fig. 5(b)], except for
a decline at about 170 h. This occurred in both NM and M plants, and is perhaps
due to some environmental fluctuation. The mean CO^ production rate was about
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20 % greater in the M than the NM plants. This CO^ was derived from a smaller
weight of root in the former (Table 1).
The rate of production of "COj fluctuated regularly [Fig. S(a)], being greatest
at the end of each light period, for the first 4 days. During the first day, the rate
of production was greatest for NM plants, possibly because of a delay in '*C
photosynthate reaching the endophyte in the M plants. Afterwards, the rate of
production was always greatest in M plants and the difference was 18% in the
nearly steady state conditions over the last 4 days, in good agreement with the
equivalent difference in total COj production. The mean "COj production per unit
root dry matter for the whole measurement period was 36 % greater for M than
for NM plants, a significant difference (Table 3).
Table 3. Production of ^ O^ from root chamber in relation to root weights of M and
NM plants in experiment 3
Hourly below-ground ^^COa
Total "COj respired respiration per unit Hourly below-ground "COj
from root chamber root dry weight respiration per unit length















Significant difference; P = 0-01.
(iii) Distribution of carbon. The distribution of all fixed ̂*C is given in Table 2.
The major difference between experiment 3 and experiments 1 and 2 was the
much larger fractions of fixed '*C lost as j : over 5 % in shoot respiration and
20% in root respiration for M plants. The total amounts of "C in soil also
increased, probably due to increased hyphal growth and exudation. The ratio of
"C in shoots and roots of NM plants was about the same in experiment 3 as in
experiments 1 and 2 but, for M plants, the ratio increased sharply, because of the
larger relative loss of '^COj in below-ground respiration. These effects are to be
expected with a large short-term sink for photosynthate in the mycorrhizal roots,
which is later respired or transferred to external mycelium. Other biotrophic fungal
infections such as the cereal rusts also have the ahility to alter the distribution of
host photosynthate and to direct it to the infected zone (Lewis, 1974).
Whether labelled carbon found in the soil is composed of mycorrhizal hyphae
or of remaining organic exudates from the plant root which had not been
metabolized was not determined. Graham, Leonard and Menge (1981) suggested
that the exudation rate is altered by mycorrhizal infection, though their hypothesis
would seem to imply lower exudation for the mycorrhizal plant.
From the results of Sanders et al. (1977), it appears that there is about 3-5 /<g
of dry external hyphae per cm of infected onion root, or, very roughly, 0-05 g g""̂
dry weight. If newly fixed C is apportioned on a proportionate basis between host
root and fungus, which appears reasonable since the percentage infection was
constant, then only S % of the *̂C found in the host root could be in external
hyphae. In fact the extra "C in the soil with M plants was 33 % of that in their
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roots, which thus implies that, unless spores are a very powerful sink for C, all
the extra ^̂ C in the soil could not be in fungal material and argues for increased
exudation.
If we assume that all the extra CO2 produced in the mycorrhizal root was due
to fungal respiration and accept the values for the fungal biomass implicit in the
work hy Hepper (1977) and Cox and Tinker (1976) of about 10% w/w on a dry
weight basis, then the fungal metabolic rate (11-0 mg COj g~̂  h~') agrees very well
withvhat found by Harley, McCready and Jentiings (1956) for an ectomycorrhizal
sheath (11-5 mg COj g""̂  h~^). It is conceivable, therefore, that the differences
found in below-ground respiration between NM and M plants could be entirely
accounted for by fungal respiration.
It is essential, however, that direct measurements are carried out in order to settle
these points.
(iv) Photosynthetic rate. From the distribution of ^'C, it is clear that about 7 %
more of the total '̂C fixed was in the shoots of NM than of M plants after 214 h.
In other words, the ^̂ C actually retained by the M shoot was 88 % of that in NM
shoots. These values agree extremely well with the equivalent ones in the work
of Pang and Paul (1980).
The relatively greater loss of fixed carbon from the shoot of mycorrhizal plants
is thus confirmed but Pang and Paul (1980) have suggested that this has no efî ect
on growth rate because hosts' compensate'. The mechanism of such a compensation
is clearly of very great interest. In our experiments, the total amount of '^*C fixed
per unit fresh weight or per unit leaf area was very similar between NM and M
plants (Table 2). Howe ver, these experiments were designed to measure distribution
of '*C rather than photosynthetic rate and a fairly large fraction of the '̂ ''COj
supplied was fixed {c. 65 %). Unfixed '^CO^ was not measured and it is conceivable
that depletion of *̂CO2 caused the fixation of all plants to be so similar. In the work
of Pang and Paul (1980), an even larger fraction of the supplied ^^COj was fixed
(88 and 83 % in M and NM plants respectively) so that it seems hazardous to
conclude that the relative rates of fixation would have been the same if a constant
concentration of "CO2 had been maintained throughout the labelling period. Their
mycorrhizal soybeans fixed C per unit dry matter at a rate 20 % greater than that
of non-mycorrhizal plants. The non-mycorrhizal plants had 13 % more dry matter,
so part of the 20 % difference could have arisen as an artefact if the depletion of
COg hindered fixation, in that,, if a constant amount of supplied '̂ COg were fixed,
the lighter plants would appear to fix at a higher rate per unit dry matter.
Leaves grown in sun and shade may have very different percentage dry matter
and also different rates of photosynthesis (Milford and Thome, 1973) which sug-
gests that the NM plant leaves might, in fact, photosynthesize more rapidly per
unit fresh weight or leaf area if constant CO^ levels were maintained. However,
there was a fair relationship between fixation and leaf area for individual plants
in our work and, on the evidence available, it appears that fixation is proportional
to leaf area, i.e. to intercepted light. The 'compensation effect' couid be explained
simply as arising from a lower percentage dry matter in leaves of M plants, so that
fixation rate per unit leaf dry matter is larger (Table 2) even when fixation rate
per unit leaf area or fresh weight is the same. The situation is then that M and
NM plants fix carbon at the same total rate, because their fresh weights and leaf
areas are the same, but the M plant need retain a smaller amount of this in the
shoot, to maintain the same relative growth rate as the NM plant. Thus, in
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experiment 3, the shoot dry matter in M plants is 12 % less, but it also retains 12 %
less fixed "C. 'Compensation' is thus possible with the same net assimilation rate
in M and NM plants. No fresh weights are given in the work of Pang and Paul
(1980) so this hypothesis cannot be tested with their results.
(v) Leaf composition. It thus appears that different percentage dry matter in
the leaves may be an important part of the explanation of ' compensation' and the
cause of this lower percentage dry matter in M plants requires consideration . The
percentage dry matter in leaves is known to be aflFected by the percentage P (to
dry matter) (Atkinson, 1973). This relationship has been studied in mycorrhizal
plants and will be reported later (Stribley et al. in preparation).
If there is a consistent inverse relationship between percentage dry matter and
percentage P in leaves, it would amplify the hj'pothesis of Stribley, Tinker and
Rayner, (1980). This suggested that, for M and NM plants of equal size, the M
plant would have the greater percentage P in its shoot because of the need to
compensate for its loss of carbon to the endophyte by having a lesser degree of
P-deficiency. This effect of percentage P on the percentage of dry matter could
be the mechanism for such an effect. It is interesting to note that Herold (1980)
has postulated that plants with greater percentage P should photosynthesize faster
and translocate more C from the shoots.
However, in experinaent 3, the percentage P in M plants v̂ as less than in NM
plants at the time of the ^'C experiments and the time curve for percentage (Fig. 4)
shows that this occurred consistently from day 75 onwards. There is nothing
inherently unlikely in this, since a larger dressing of fertilizer P had been applied
to the NM plants, but it is unexpected that this should occur whilst M and NM
plants were of broadly similar size, and with a greater percentage dry matter in the
NM plants. Most ofthe data quoted by Stribley et al. (1980) were for short term
experiments and we now believe that the higher percentage P in M plants may
be temporary (Stribley et al; in preparation). It is therefore possible that the
differences in dry matter are not solely caused by diflerences in percentage P. Levy
and Krikun (1980) reported that the stomatal conductance and photosynthetic rate
of citrus recovered after drought much more rapidly when the plants were
mycorrhizal and attributed this to a hormonal effect of infection. A high concen-
tration of P was supplied to the host plants but unfortunately their paper does not
report the percentage P or percentage dry matter of the leaves so no conclusion
on this point is possible.
Comparison rate of carbon-fixation and growth rates
The growth curves [Fig. 2(a) and (b)] for replicate plants to those used in
experiment 3 show that, at the relevant time, the NM plants were growing faster
on average, though calculated relative growth rate (RGR) fluctuated greatly from
harvest to harvest owing to the low replication. However, the argument developed
above suggests that the loss of carbon to mycorrhizal roots should have been
compensated by the lower dry matter content in mycorrhizal leaves, which implies
that the RGR values should be similar. The short-term '̂'C net assimilation rates
Were indeed almost identical and related reasonably well to the leaf area for
wdividualplants (Table 2). Comparisons between the short-term '*C measurement,
in a special chamber with different mean radiation, CO^ concentration and
humidity, and the long-terna growth curve may be too extreme to be reliable and
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we do not regard this disagreement as serious. This point cannot be settled with
the present information and more detailed studies on the net assimilation rates of
leaves from M and NM plants are now in progress.
A smaller percentage dry matter in the leaves may maintain the same RGR in
M plants, as described above, but the hypothesis implies that the plants should
finally give about 10 % less yield of dry matter, for the same fresh weight of shoots.
If a complete canopy is established, the rate of growth is usually linear, as the
amount of radiation trapped is no longer sensitive to the amount of leaf. A diversion
of some 10 % of fixed C below ground would therefore again imply a final shoot
yield loss of 10%.
If no compensation occurs, the loss of 12% of carbon from the shoot would be
serious, as it implies a reduction of 12 % in the RGR of the leaf weight and area.
This must ultimately control the RGR of the whole plant and could lead to large
differences in crop yield over a season's growth.
CONCLUSIONS
A VA endophyte increased transport of fixed C to the roots of leek plants by about
7 % of the total. This first appeared largely in the root (with internal mycelium)
and later as respired CO^ and in the soil (presumably largely as external mycelium).
There were only negligible changes in the shoot respiration, in the amounts finally
found in the roots or in the root washings. The values obtained agree well with
those obtained by Paul and co-workers with legumes and suggest that around 10 %
may be an average value for well-infected mycotrophic species under steady growth
conditions.
This loss of photosynthate may be cotnpensated for in mycorrhizal plants by
a lower percentage of dry matter in their leaves, which produces a greater
assimilation rate per unit leaf dry matter, though net assimilation is the same. This
may be associated with a normally greater percentage P on a dry mattei- basis. Direct
measurements of photosynthetic rate are needed to confirm this hypothesis. The
results imply that there should be a definite, but normally small, reduction in dry
matter yield in infected plants, compared to non-mycorrhizal plants grown with
no nutrient stress whatsoever.
REFERENCES
ATKINSON, D . (1973)". Some general effects of phosphorus deficiency on growth and development. New
Pkytolagut, 72, 101-111.
AVERY, B. W. {1%4). The Soils and Land Use of the District Around Aylesbury andHemd Hempstead. Memoir
of the Soil Survey of Great Britain, H.M.S.O., London.
Cox, G.C, SANDERS, F . E., TINKEK, P. B. & WILD, J. (1975). Ultrastructural evidence relating to
host-endophyte transfer in a vesicular—arbuscular mycorrhiza. In: Endomycorrhizas (Ed. by F. E.
Sanders, B. Mosse & P. B. Tinker), pp. 297-312. Academic Press, London.
Cox, G. C. & TINKER, P. B. (1976). Translocation and transfer of nutrients in vesicular-iarbuscular
mycorrhizas. I. The arbuscule and phosphorus transfer: a quantitative ultrastructural study. Nets
Phytologist, 77, 371-378.
DEHNE, H-W. (1977). Unta-mchungen uberden Einfittss der endotrophen Mycorrhiza auf die Fusarium-We/fe
an Tomate und Gurhe. Ph.D. Thesis, University of Bonn.
FOGG, D . N . & WILKINSON, N . T . (1958). The colorimetric determination of phosphorus. Analyst, 83,
406-414.
GERDIMANN, J . W. & NICOLSON, T . H . (1963). Spores of mycorrhizal Endogone species extracted from soil
by wet seiving and decanting. Transactions of the British Mycological Society, 46, 235-244.
GRAHAM, J. H., LIONABD, R. T . & MENGE, J. A. (1981). Membrane-mediated decrease in root exudation
responsible for phosphorus inhibition of vesicuiar-arbuscular mycorrhiza formation. Plant Physiology,
58, 548-552.
Distribution of carbon in VA mycorrhizas 87
GiovANETTi, M. Sc MOSSE, B . (1980). An evaluation of techniques for measuring vesicular-arbuscular
Eoycorrhizal infection in roots. New Phytologist, 84, 489-500.
HAHLEY, J . L . , MCCHEADY, C . C . & JENNINGS, D . H . (1956). The salt respiration of excised beech
mycorrhizas. 11. New Phytologist^ 55, 1-28.
HEROLD, A.. (1980). Regulation of photosynthesis by sink activity - the missing link. New Phytologist, 816,
131-144.
HEPPER^ C . M . (1977). A colorirriietrie method for estimating vesicular-arbuscular mycorrhizal infection in
roots. Soil Biology and Biochemistry, 9̂  15—18,
Ho, I. & THAPFE, J, M . (1973). Translocation of ̂ ^C from Festuca plants to their endomycorrhizal fungi.
Nature, 244, 30-31,
JOSEPH, N . (1977). Vniersuchungenuber den endotrophen Mycorrhisapilzes G\omusT[iosBe^& Gerd. and Trappe
(Endogone mosseae Nicol. and Gerd.) auf Zea mays L, Ph.D. Thesis, University of Bonn,
KuciEY, R. M. N. & PAUL, E . (1981).. Carbon cost of a vesicular-arbuscular mycorrhizal symbiosis. In:
Abstracts of the Fifth North American Conference on Mycorrhizae, Universite Laval, Quebec, Canada.
LEVY, Y , & KRIKUN, J. (1980). Effect of vesicular-arbuscular mycorrhiza on Citrus jambhiri yno-ter relations.
New Phytologist, 85, 25-31.
LEWIS, D . H . (1974). Micro-organismis and plants: the evolution of parasitism and mutualism. Symposia
of the Society for General Microbiology, 24, 367-392.
MiLFOHD, G. F. J. & THORNE, G . N . (1973), The effect of light and temperature late in the season on the
growth of sugar beet. Annals of Applied Biology, 75, 419^25.
OLSEN, S, R . , COJLE, C . V., WATANABE, F . S . & DEAN, L . A. (1954). Estimation of available phosphorus in
soils by extraction with sodium bicarbonate. United States Department of Agriculture, Circular no. 939,
19 pp.
PANG, P. C, & PAUL, E . A. (1980). Effects of vesicular-arbuscular mycorrhiza on ^̂ C and '^N distribution
in nodulated fababeans. Canadian Journal of Soil Science^ 60, 241-250.
PHILLIPS, J. M. & HAYMAN, D . S . (1970). Improved procedures for clearing roots and staining parasitic
and vesicular-arbuscular mycorrhizal fungi for rapid assessment of infection. Transactions of the British
Mycological Society, SS, 358-161,
SANDERS, F . E . , TINKER, P. B., BLACK, R. L . B . & PALMERLEY, S , M . (1977). The development of
endomycorrhizal root systems: I. Spread of infection and growth-promoting effects with four species
of vesicuiar-arbuscular endophyte. New Pkytologist, 78, 257-268,
STRIBLEY, D . P,^ TINKER, P. B. 8c RAYNER, J. H. (1980). Relation of internal phosphorus concentration and
plant weight in plants infected by vesicular-arbuscular mycorrhizas. New Phytoiogist, 86, 261-266,
TENNANT, D . (1975), A test of a modified line intersect method of estimating root length. Journal of Ecology,
63,995-1001,
TINKER, P. B, H. (1978). Effects of vesicular-arbuscuiar mycorrhizas on plant nutrition and plant growth.
Physiologie vegetale, 16, 743-751.
WARNER, A. & MOSSE, B . (1980), Independent spread of vesicular-arbuscular mycorrhizal fungi in soil.
Transactions of the British Mycological Society, 74, 407^10,
WITTY, J, F. & D A Y , J. M. (1978). Use of ^^Nj in evaluating asymbiotic Ng fixation. In: Isotopes in Biological
Dinitrogen Fixation.. International Atomic Energy Agency, Vienna.

